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Abstract: The theory of time scales which unifies differential and difference analysis provides a new
perspective for scientific research. In this paper, we derive the canonical equations of a delayed
Hamiltonian system in a time scales version and prove the Noether theorem by using the method
of reparameterization with time. The results extend not only the continuous version of the Noether
theorem with delayed arguments but also the discrete one. As an application of the results, we find a
Noether-type conserved quantity of a delayed Emden-Fowler equation on time scales.

Keywords: Noether theorem; Hamiltonian system; time scale; time delay

1. Introduction

The influence of time delay becomes a very important factor in scientific research to achieve more
accurate and more objective results. Since TEl’sgol’c’sT work [1] in 1964, the dynamical equations in the
framework of difference and differential have been investigated with delayed arguments extensively
and the results proved to be effective in reflecting a better essence of things and development law [2-7].
Nonetheless, in reality, discrepancies still remain, sometimes even essential differences. Therefore, it’s
important and difficult to study the delayed dynamical equations in a time scales version.

A time scale T is an arbitrary nonempty closed subset of the real numbers. The differential
calculus, difference calculus, and quantum calculus are three most popular examples of calculus on
time scales, i.e., the time scales T =R, T = Nand T = il = {hi (i€ No}, where i > 1. The theory
of time scales, which unifies and extends continuous and discrete analysis, has been proved to be more
accurate in modelling dynamic process, for example, the simulation of the current change rates of a
simple electric circuit with resistance, inductance, and capacitance when discharging the capacitor
periodically every time unit [8]. It not only reveals the discrepancies between the results concerning
differential equations and difference equations, but also helps avoid proving results twice. Up to
now, tremendous applications have been found in different dynamical models, such as population
models, geometric models, and economic models [9,10]. Bohner and Hilscher [11] studied the calculus
of variations in a time scales version. The method of symmetry plays an important role in finding
an invariant solution or the first integral of dynamical equations. The famous Noether theorem
which reveals a relation between symmetries and conserved quantities achieved some results in a
time scales version [12,13]. Corresponding applications about constrained mechanical systems [14],
Hamiltonian systems [15], Birkhoffian systems [16], and control problems [17] were discussed in a
time scales version.

Until now, preliminary results in delayed optimal control systems on time scales [18], delayed
neural networks on time scales [19], oscillation, and stability of delayed equations on time scales [20,21]
have been carried out. The Noether symmetry theory has been applied to the delayed non-conservative
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mechanical systems in a version of time scales [22] successfully. However, the Noether symmetry
theory for a delayed Hamiltonian system has not been investigated in version of time scales yet. It is
very important to study this new problem.

2. Preliminaries on Time Scales

In this section, we remind some basic definitions and properties about calculus on time scales.
For further discussion and proof, readers can refer to [9,10] and references therein.

A time scale T is an arbitrary nonempty closed subset of the real numbers R. For all t € T, the
following operators are used:

(i) The forward jump operator c € T — T, o(t) :=inf{s € T:s > t};
(ii) The backward jump operator p € T — T, p(t) :=sup{s € T :s < t};
(iii) The graininess function u : T — [0,00), u(t) := o (t) —t.

A point t € T is called right-dense, right-scattered, left-dense, and left-scattered if o(t) = ¢,
o(t) > t,p(t) = tand p(t) < t, respectively. If T has a left-scattered maximum M, then we define
TF=T— {M}, otherwise Tk = T.

Definition 1. Let f : T — R and t € T. Then the delta derivative f®(t) is the number with the poverty that
given any € > 0, there exists a neighborhood U = (t — 6,t + 6) N'T of t for some & > 0 such that

‘f(ff(t)) = f(s) = fA)(o(t) = )| < elo(t) —s], foralls € U

For delta differentiable f and g, the next formulae hold:

() fO(t) = f(t) +ut) A1),
(i) (af +bg)* =af>(t) +bg™(t),
i) (fg)*(t) = fA()f (1) + F(1)g2 (1) = fA(H)g(E) + f(1)g™ (D),

where we denote f o o by f.
Definition 2. A function f : T — R is called rd-continuous if it is continuous at right-dense points in T and
its left-sided limits exist (finite) at left-dense points in T. The set of rd-continuous functions can be denoted by

Cyq- The set of differentiable functions with rd-continuous derivative is denoted by Cl4.

Assume that v : T — R is strictly increasing and T* := v(T) is a time scale, then the following
results hold:

(i) Letw:T* — R.Ifv2(t) and w™ (v(t)) exist for t € T*, then
(wov)® = (wN o v)vA

(i) If f:T—RisaCyfunctionandvisa C%d function, then for a,b € T,

/f At—/V(b)<fov DIOISE

Lemma 1. (Dubois -Reymond) Let g € Cyq, g : [a,b] = R", forall 5 € Cly with 7(a) = y(b) = 0, then
f T (£)y®(t)At = 0 holds if and only if g(t) = con |a, b}kfor some ¢ € R™.
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3. Main Results

3.1. Time-Scale Canonical Equations

Integral
S aee (] = [ Lt a0 ab afe al ) A 1
[ ae ()] = | L(E 4K i G i M)
1
can be called the time-scale Hamilton action with delayed arguments. The integrand

L(t,qf, qf, Gipr q,ff) is the Lagrangian of the delayed system, where ¢t € T, T is a constant time delay,
T < tp —tyand t — 7 € T, the generalized coordinates gy : [t, {2 — R" are assumed to be Crd’

g7 = ql(t—1), 4% = qi(t—T1),k=1,2,--- ,n
The isochronous variational principle

55=0 2
with relationship [15]
o4 = (6g1)" 3
and boundary conditions
ak(t) = g(t),t € [ — 7, 1] )
a(t) = qr(t2), t = t, (5)

can be called the time-scale Hamilton principle with delayed arguments, where ¢y (t) are piecewise
smooth functions.
We define the time-scale Hamiltonian of the delayed system as

H = H(t,q{ (), px(1), 47 (¢ = T), pr(t = 7)) = pi(8)gi (1) + pe(t = D) (t = 7) — L, (6)
where oL 3L
pi(t) = Frnk pr(t—1) = b1 @)

are generalized momentum.
Thus, we have

)
S[ar(+), gk (1), pr(4), Pre ()] = /t [Pkﬂlf + Pielie — H(t a0, P 47 ka)]At ®)
1

We obtain the time-scale canonical equations of the delayed Hamiltonian system,

g (1) +qi (1) = S + (1), pp () + pie (4 T) + 32 (1) + aaqur(t+ T) =0t € [t, ta— T,

T Ipk aqk
oH oH
Aty = (), 02(t) + —(t) = 0,t € (tr — T, ], 9
q (1) apk()Pk() 3‘1Z() (t2 2] )

wherek=1,2,--- ,n
Actually, from Formula (2), we have

6s = 27| (ab) - gﬂ<>~+qa<r+r>—*ﬂiu—%roapk

P
+(pr(8) + Prc(t + 7))3g (MU+$MHWMN
+f2 [ (ab ) - Uym+mmwk 34 (1)oq¢ | A 0
= 37[@u>+ Prelt+7) — j?f( +$¥@+TDAQw%> (
+(ap (1) - a,,k( )b (t+T) - 2ttt )(spk}m

15| (pett +ft2_T§ngg )m + (a0 2(1)ep at =0,
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According to Formula (6) and Dubois-Reymond Lemma 1, we can derive the Equation (9).

Remark 1. If the delay is not exist, Equation (9) becomes [16]

oH
Ipk

oH

(£), pic () = T

qe(t) = (t), (k=1,2,---,n) (11)

Furthermore, if T = R, functional (1) becomes the classical Hamilton action [23], and Equation (9)
becomes the classical Hamilton canonical equations

q(t) = 5 (1), pe(t) = ), (k=12 ,n) (12)

Pk - 0
3.2. Invariance under the Infinitesimal Transformations
The Noether symmetry under the one-parameter infinitesimal transformations for the delayed
Hamiltonian system in a time scales version can be described as follows:

Definition 3. A time-scale Hamilton action (8) is said to be invariant under the infinitesimal transformations

= T(f, 9jr Pjs 8) =t+elp (f, Gjr p]),
qz = Qk (tl ‘7]/ P]/ 8) = Qk(t) + 8Ck(t/ ‘7]/ P])/ ‘ (13)
pi = Pe(t9j,pje) = pi(t) +emi(tqj,p5), (K j = 1,2, ),
if and only if
fttl [quk + Prefie — H (L 47, Pr 47 Pic) | A (14)
=[R2 prar +ppa —H( g pp gl vk ) A

holds.

Here, the map t € [ty, t2] — B(t) := T(t,qj,pj,€) € R is considered as a strictly increasing cly
function. The new time scale T* is the image of the map. We also assume ¢* o § = o 7, where ¢* is
the new forward jump operator.

According to Definition 3, we can obtain the necessary condition of the invariance:

Theorem 1. If the time-scale Hamilton action (8) is invariant under the infinitesimal transformations (13), then

(pi(t) +pkr<t+r>>ck H(t >cs\ — Wz — (B +Ft+1)e
+(ﬂlf )+ e (t+T) — o (t + T))’?k =0,tety,bh—1, (15)
pe(t)Ze — ( ) G I W(t)gﬁ () =31 )m =0, te (2 —T82],

where &7_gx (o(t),4;(0 (1)), pj(o(1))), &8 = &r&k (£ q; (1), pj(1)).
Proof. We have

Ji2 [Pl + pretfy — H(ﬁ 9% Prs Qs Prc) | A .
= Ji2 | (i Y0 SR o (o ) (- WD) 16)
—H(B(t), (g o * o B) (1), (p o B) (1), (qg 0" 0 B)(t — ), (pi o B) (t — 7)) | BOAL

ty A QA
_/ [Pk +PkT TkAT _H(T/Qz/Pk/ QzT/PkT) TAAt/ (17)
1
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where we denote

Tr =T(t—7,q;(t = 1), pj(t = 7),€), Qer = Qi (t — T, 4;(t — 7), pj(t — 7),¢€) and
Per = Pe(t—7,9i(t — 1), pj(t — 7),¢).

We yield the Formula (15) by taking derivative of Formula (17) with respect to € and setting ¢ = 0. [J

The Formula (15) can be called the time-scale Noether identity for the delayed Hamiltonian system.

3.3. Time-Scale Noether Theorem

The time-scale Noether theorem for the delayed Hamiltonian system can be described as follows:
Theorem 2. If the time-scale Hamilton action (8) is invariant under Definition 3, then

I = (p(t) + prc(t+ 7)) & — HE)Eo + n() L (H)Eo=c, t € [t1, 2 — 7], 18)
I=pe(t)8 — H(H)Z0 + u(t) B (H)Zo=1c, t € (2 — T, 1],

is a conserved quantity.
The proof is presented in Section 4.

Remark 2. If T = R, then o(t) = t, u(t) = 0. For the delayed Hamiltonian system, Formula (15) becomes

(Pi(D) + pre(t + 1)) — H(DEo — B (D20 — (3L + 2L (14 1)) &
(36 = 3L + e (40 = P 1) ) = 0, € [t1,12— 7], (19)

pr(t)i — H(D)Eo — SE ()50 — 32 (1)&x + (qk( ) = St ))ﬂk =0,t€ (thh—1,b)

and Formula (18) gives

= (pc(t) + pre(t + 7)) 8 — H(t)Go=¢, t € [t1,t2 — 7], 20)
I=pi(t)—H(t)So=c, t € (2 — T, 2].

Remark 3. If T = hz, then o(t) = t+ h,u(t) = h. For the discrete delayed Hamiltonian system,
Formula (15) becomes

(pe(t) + pe (¢ + 7)) SR — gy () Sl =00l) _ 98 (1) ¢

- aqk?grh)'(t)+‘aqkf(lj+hj (t+7)>§k(f+h)+ (7%“%) () BTH(t))Uk
(e 0lED B (1) ) = 0, £ € [, — 7], (21)
pi(t) @k(f+h) ﬂfk() — H(t )@'O(Hh)*go(f) (

ot
M§M<ﬁw+m (Mﬂiﬂi—%aomzatem—ﬁm
and Formula (18) gives
= (p(t) + prc(t+ )Gk (1) — H(B)Eo () + R (DGo()=c, t € [t1,12 — 7],
H (22)

I—m()() H(H)&o(t) +he (H)Eo(H)=c, t € (t — T, 1).
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Remark 4. If T = W = {hi:ie Np}, then o(t) = ht, u(t) = (h—1)t. For the quantum delayed
Hamiltonian system, Formula (15) becomes

<pk<t>+pkf<t+r>>w H<>Wwﬂ<t> o(t)
ht)—
- angt)( )+aq (ht)(t+7))gk(ht) (qk((h 1)t 2y gg ) Mk

" W‘apk (t+7)) e =0, t €[t tr — 1], (23)

Pr ( )gk(ht ék(t) ( >§0 h;i 1%?(’5) BH( )CO( )
aqk ht gk ht ( tt apk())r]k_o te(tZ_TrtZ}
and Formula (18) gives
I'= (p(t) + prc(t + 7)) 8k — H(t)Go(t) + (h — 1)fat (H)Go(t)=c, t € [t1,ta — 1], (24)

I=pe()&—HHE) + (h— 1)t (HE()=c, t € (b — T, 1).

4. Proof of the Time-Scale Noether Theorem

We prove the Theorem 2 by using the method of reparameterization with time. The proof is
divided into two steps.
First, we give the time-scale Noether theorem in terms of the special transformations

£ =t,q; = qi(t) +eCe(t, 95, p;), i = p(t) +em(t, g5, pj), (k,j=1,2,--- ,n), (25)

where the time variable is not changing. Therefore, in terms of the transformations (25), the invariance
of the action (8) is presented as

Ji2 (e + picae — H(t, 97, e % pic) | B

= J2pia® + ppcai® — Ht G p 1% ple) | O

Theorem 3. If the time-scale Hamilton action (8) is invariant under transformations (25), that is, the condition

<pk<t>+pkf<t+r>>¢k (3 <>+§qH< +7))e
+(q£( +qkT(t+T) aPk (t—l—T))iyk—O,te[tl,tz—T], (27)
pe(B)p aﬂ() + () = 351 ) =0, t € (=T 10]

holds, then

I'=(pr(t) + prc(t+7))Ck=c¢, t € [t1, 12 — T], 28)
I'=pr(t)ek=c, t € (t2 — T, 1]

is a conserved quantity.
Proof. With noting Formula (27), we have

[(pr(t) + pre(t + T))G4]
(Pe(t) + peclt +2)3} ~ (35 + 2 (t+7))eg, e [t —7),
[pk()Ck] = pr(t)ER — ( )C;‘Q te(t—1,b),

=

with considering Equation(9) and Formula (27), we obtain the conserved quantity (28). O
Now, by using a reparameterization with time, the Lagrangian becomes
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(t'S" qZ;S qk P ST, 98055, Qs Pie)
Pl + pic "kg — H(s" — u()s", 47, P, Gr Prc) |52

[I> =

(29)

For the invariance of S in terms of the transformations (13), with setting
s(t)y=ts(t—1)=t—r1, (30)

we get the equality

S[s(-), 50 (), gk () i (), (), P ()] = S[qk(')erT(')rpk(A')rka(')]

= 2 (i B0 B+ (5 ) ¢ — ) LN )
—H(ﬁ"( ) = u(t)BA(E), (qp oo™ 0 B) (), (P o B) (), (af oo™ 0 B) (t — 1), (pf o B)(t—1T))| B At
= [2L(667(1), (at 0 B)(1); B2(1), (a5 © B) " (1); (pf = B) (1)

(31)

ﬁ”(tw»(qkoﬁ)"(tw»ﬁﬁ(t*r»(qkoﬁ)% 0); (pi o B)(t— 7)) At
=S[B(),B(), (i o B) (), (i 0 B)- () (P2 B) (), (P2 ) ()]
Noting that for (30),

(32)

(@i oB)(t—1), (pioB)(t), (Pkoﬁ)( )
t—

) t), - )
= (T(t,q;(t),pj(t),e), T(t -7, q]( ), pj(t—1),€), Qi (t,q;(t), pj(t),€),
Qu(t— T, q;(t — 1), pj(t — 7)), Pe(t, q](f) i(t),€), Pe(t — 7, q;(t = 7), pj(t — 7). €)),
= (T(s(t),q;(t), j(t)rg) T(s (f—T) qi(t— 1), P](f—T) €),
Qk(s(t),qj(t),pj(t),s), Qk(s s(t—1),q;(t — 1), p(t — T)€),

Pe(s(8), (1), py(1),€), Pe(s(t — 1), 45(t — 0), py(t — 7). €)).

Formula (32) shows that S[s(-),sz(+), qx(*), gk (*), Px (), px(+)] corresponds to the invariance in
the sense of (26).

By a linear change of time, Formula (31) becomes

T *o A *o t+T A
— {(pioﬁ)(t) (o) O 4 (piop) (e + 0 EBEDL gy gany

+h [t p) 0SS — p pra,

Applying Theorem 3, we have the conserved quantity

oL oL
I=—(t — (& =c, tE€[t,tr—
aqf()é"JrasA()‘:O c, t €t ta—1],
oL oL
I=_——(t — (& =c, te (th—1,t)].
aqlf()gk+asA()§0 c, t € (t2—1, 1)
Since
L () = 9 —?+ (t+r)i(t+r) H s ) (t),t € [ty, 1 — T]
aq}e _aqf Pk sA Pkt $ s 1,82 s
()= 2 ( (e + pec(t+ 1) B (b4 1) — H)s2 ) (1), £ € [ty 12— 7]
952 9s8 kt 58 ’ 1,12 ’
— A
;}Lﬁ(t):a;’?((kag—H>sA>(t),te(t2—r,t2],
- A
L0 =2 ((ndh - 1)) ), 1€ (-,
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where H (s — u(t)s®, 47, pr, 4%, Piz)-
For (30), we obtain

]|
—
—
=

= pi(t) + prc(t+7),t € [t1, 12 — T,
= p(t), t € (k2 — 17,12,
—H(t) +u(t) 4L (t),t € [, 1],

Qv Qv
v Pl Lo
5|
~—~
~
~—

&
|
—
=
N—
Il

hence the conserved quantity (18) are obtained. The proof is complete.

5. Example of a Delayed Emden-Fowler Equation on Time Scales

We assume that the time-scale Lagrangian of a delayed system is

L= t(qA(t))2 + %(q”(t —1)5teT.

Formulae (6) and (7) give

Thus, we obtain the time-scale canonical equations of the system,

qi(t) = %P(f)rf € [ty, 1),
pA(t) = 2q5(t+1),t € [t 1 — T],
pA(t) =0,t € (tp — T, t].

Equation (36) can also be presented as

(b2 (0)" = Jas(t+7) = 0t € [t 12— T),
(2tg (1) = 0,t € (t2— T, 1.

Equation (37) is a kind of delayed Emden-Fowler equations on time scales.
If the delay is not exist, Equation (36) turns to be

1 g 1 [
7 +59%7(8) = z47(1) = 0.

8of 11

(33)

(34)

(35)

(36)

(37)

(38)

This kind of delayed Emden-Fowler damped dynamic equations has been widely discussed,

see [20] and the references therein.
For Equation (35), the Noether identity (15) gives

(2 — (F(p(1)? = 1a21)?) e + £ (2(p()” - (85()) o
205t + )% + (a5(1) = Fp(0) )1 =0, t € [t 12— 7],

p(HE = (F(p(1) = Ha2(1)?) &8 + & ((p()) = (@2(1)%) o
+(8 ) = Ep(t)) =0t € (b —T,t1]

Equation (39) has the solution
Co=1t¢=0,7=0.

(39)

(40)
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Thus, a conserved quantity can be generate from Theorem 2,

I= (-1 u(0)(G(P()) ~ (g5(0))) = const, t € [y t2]. (a1)

The time-scale Emden model not only contains both continuous case and discrete case, but also
more general case.
If T =R, theno(t) = t,u(t) = 0, Formula (41) becomes

I=—2(p(t)* + (47(1))* = const. 1 € [t f2]. (42)

IfT =h% = {h:ie Ny}, theno(t) = ht,u(t) = (h — 1)t, Formula (41) becomes

I=—h(3(p(h)* = (q(h(t = 7)))*) = const, t € [t1, ], (43)
More potential applications for the Emden model on time scales in the fields of mechanics,
symmetries, oscillations and control, stabilities, astrophysics etc. are worth looking forward to.

6. Conclusions

This paper gives a delayed Hamiltonian system in version of time scales and the Noether-type
theorem. Our formulation not only allows the discrete result and the continuous result into a single
model, but also achieves the more general model. We derived the time-scale canonical Equation (9) and
by using the method of reparameterization with time, we discussed the Noether symmetries for the
system and obtained a Noether-type conserved quantity (18). Because of the universality of the time
scales, our results are more suitable in describing complex processing and also avoid some repetitive
works between difference equations and differential equations.

The classical Hamilton canonical equations turn to be a kind of general dynamic equation in the
sense of a non-canonical transformation, that is, Birkhoff’s equation which is richer in content than
Hamilton canonical equations. Thus, it’s desirable to discuss the delayed Birkhoffian system [6,7] on
time scales.

The symmetry theory is really important in scientific research. It’s also a fertile area to study not
only the famous Noether-type symmetry but also Lie symmetry and Mei symmetry in a time scales
version. Some geometric notions are trying to research on the time scales [24-26]. From a geometrical
point of view, further works about finding the integral of dynamical equations on time scales are
still worth doing, for example, the Poisson theory on time scales and the Hamilton-Jacobi theory on
time scales.

Recent work about the fractional calculus on time scales [27] potentiates research not only in
the fractional calculus but also in solving fractional dynamical equations. The fractional action-like
variational approach [28] was proposed to model nonconservative dynamical systems. This important
approach is also worth to discuss in a time scales version. What’s more, because of the freshness
and difficulty, it needs efficient numerical methods to solve the equations on time scales and those
important problems.
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